Tetrahedral hohlraums have been proposed as a means for achieving the highly uniform implosions needed for ignition with inertial confinement fusion ͑ICF͒ ͓J. D. Schnittman and R. S. Craxton, Phys. Plasmas 3, 3786 ͑1996͔͒. Recent experiments on the OMEGA laser system have achieved good drive uniformity consistent with theoretical predictions ͓J. M. Wallace et al., Phys. Rev. Lett. 82, 3807 ͑1999͔͒. To better understand these experiments and future investigations of high-convergence ICF implosions, the three-dimensional ͑3-D͒ view-factor code BUTTERCUP has been expanded to model the time-dependent radiation transport in the hohlraum and the hydrodynamic implosion of the capsule. Additionally, a 3-D postprocessor has been written to simulate x-ray images of the imploded core. Despite BUTTERCUP's relative simplicity, its predictions for radiation drive temperatures, fusion yields, and core deformation show close agreement with experiment.
I. INTRODUCTION
To achieve ignition and gain in inertial confinement fusion ͑ICF͒, one must compress a spherical target with a highly uniform drive mechanism. [1] [2] [3] Perturbations in the drive can lead to a distorted fuel core as well as hydrodynamic instabilities, which cause the colder ablator material to mix with the fuel in the central hot spot, effectively quenching the nuclear burn. [4] [5] [6] The direct-drive approach to achieving this uniform implosion uses an intense laser pulse to ablate a glass or plastic shell and compress the fuel inside like a spherical rocket. 7 The nonuniformities inherent in the laser beam tend to imprint the target with a ''seed'' that can cause debilitating hydrodynamic instabilities. To avoid these high-spatial-frequency perturbations, the lasers can alternatively be pointed at the inside of a high-Z cavity called a hohlraum that converts the laser energy into a smooth x-ray radiation field, which then compresses a similar capsule, again through a rocket-type ablation. 2 Traditionally, these hohlraums have utilized a cylindrical geometry with two laser entrance holes ͑LEHs͒ and azimuthal symmetry. Recently, an alternative hohlraum geometry with four LEHs in a spherical case has been proposed as a means for producing an extremely uniform radiation drive. 8, 9 These ''tetrahedral hohlraums'' are particularly well suited for experiments on the University of Rochester's OMEGA laser facility 10 since the soccer-ball geometry of the target chamber possesses multiple beam configurations with perfect tetrahedral symmetry.
Early tetrahedral hohlraum experiments on OMEGA 11 have investigated the basic symmetry properties and uniformity of capsule implosions, the radiation drive temperatures, and the effect of high convergence on neutron yield degradation. Most of these experiments have used thin-walled gold hohlraums with standard Nova implosion capsules filled with DD gas. The best results have been obtained from hohlraums with an inner diameter of 2800 m, LEH diameter of 700 m, and typical capsule outer diameter of 550 m ͑see Fig. 1͒ . The 60 OMEGA beams enter the hohlraum in four groups with 15 beams through each LEH. These 15 beams form three rings with various angles of incidence, namely 23.2°͑6 beams͒, 47.8°͑6 beams͒, and 58.8°͑3 beams͒. As with cylindrical hohlraums, the beam pointing is constrained by minimum clearance requirements in order to avoid absorption and/or refraction through the plasma ablating off the capsule or the hohlraum wall. Tetrahedral hohlraums have an additional pointing constraint, that of clearing an opposing LEH in order to avoid forming plasma blowoff that would interfere with incoming beams. Unlike cylindrical hohlraums, however, the spherical geometry of the tetrahedral design eliminates the possibility of ''glint'' ͑irradiation of the capsule by laser light specularly reflected off the hohlraum wall at early times͒. 12 The OMEGA soccer-ball geometry has numerous group rotational symmetries, including that of each Platonic solid. The tetrahedral symmetry group is itself embedded in a larger, dodecahedral group where the 60 beams can be divided into 12 sets of 5 independent beams; therefore, pointing coordinates must be calculated for only 5 different beams, and the rest are determined by rotations in the dodecahedral symmetry group. This property provides some inherent symmetry advantages for the tetrahedral hohlraum, causing all lϭ1, 2, and 5 spherical-harmonic components of the radiation drive to be identically zero. 8 For the specific hohlraum designs used in this paper, the x-ray drive nonuniformity on the capsule ( rms ) is almost entirely dominated by the Y 32 spherical harmonic mode 9, 13 and, in the optimal designs, is less than 1% during most of the laser pulse. This highly uniform drive has been confirmed by x-ray images of imploded cores that are essentially round to within the resolution of the instrument. 11 Despite the remarkable symmetry properties of tetrahedral hohlraums, the cylindrical design has been traditionally dominant in the ICF field, largely because of its azimuthal symmetry. Thus, cylindrical hohlraums can be modeled accurately in a two-dimensional ͑2-D͒ geometry, while the tetrahedral hohlraum is inherently a three-dimensional ͑3-D͒ problem. Considering the complexity of even a 2-D radiation hydrodynamics code, 14 it is understandable that there has not been significant interest in the 3-D tetrahedral hohlraums until only recently. With the recent progress in developing detailed 3-D codes, 5 however, tetrahedral hohlraums offer an ideal test-bed for theoretical and experimental comparisons. As part of this effort, we have written a 3-D view-factor code called BUTTERCUP that includes radiation transport in the hohlraum and a hydrodynamic treatment of the capsule implosion. Because of the highly uniform nature of these implosions, basic 3-D effects can be accurately modeled as perturbations on a one-dimensional ͑1-D͒ model. We will explain this pseudo-3D modeling technique in greater detail below.
Although BUTTERCUP does not model laser-plasma interactions in the hohlraum or the motion of the gold wall, its simplicity is perhaps its most powerful trait, allowing for repeated calculations over a wide range of input parameters and thus making it ideal for target design. For example, the dimensions and pointing parameters for the hohlraums described in Ref. 11 were largely based on results of BUTTER-CUP calculations. Further, by using a simple energy diffusion model, BUTTERCUP can predict the time-varying radiation drive temperature T r (t) in the hohlraum. This agrees closely with experimental measurements as well as with more sophisticated hydrodynamic code calculations. Neutron yields have also been calculated by 1-D and pseudo-3D models and agree well with initial experimental results. Additionally, a postprocessor has been written to simulate x-ray images of the imploded capsule's self-emission. Comparisons with the theoretical core shapes and experimental images provide valuable new insight into the relationship between a 3-D fuel core and its 2-D image and show in particular how a 3-D distortion may be emphasized or smoothed out.
Ultimately, the success of tetrahedral hohlraum experiments on OMEGA will help to determine the feasibility of a tetrahedral ignition design for the National Ignition Facility ͑NIF͒. While the NIF laser port geometry lacks true tetrahedral symmetry, the addition of equatorial direct-drive ports allows for a possible design that can focus 44 of the 48 beams into a tetrahedral hohlraum and still provide excellent drive uniformity. 9 In describing BUTTERCUP and its results, we will follow a course of increasing complexity, starting in Sec. II with an explanation of a static view-factor model that assumes a single albedo over the hohlraum wall. This includes a zerodimensional implosion model, enabling the time-dependent uniformity on the capsule to be predicted for different tetrahedral hohlraum designs on OMEGA, given the albedo as a function of time. In Sec. III we introduce a time-dependent model for the laser deposition and radiation transport into the wall of the hohlraum, which allows the time-dependent uniformity and radiation temperature T r (t) to be calculated directly without reference to the albedo. Section IV discusses in detail a pseudo-3D radiation-hydrodynamic model for the capsule implosion that predicts convergence ratios, loworder core distortions, and fusion yields. Section V describes a 3-D radiation postprocessor that allows direct comparison between theoretical and experimental results.
The main conclusion ͑Sec. VI͒ is that a relatively simple code can make reasonably accurate predictions of hohlraum temperatures, radiation drive uniformity, and the effects of core distortion and high convergence ratio on neutron yield degradation. BUTTERCUP proves to be immediately useful not only in experimental planning and interpretation, but also as an important tool for aiding in the development of moresophisticated 3-D ICF codes.
II. FUNDAMENTAL FEATURES OF THE CODE

BUTTERCUP
The most basic features of BUTTERCUP include the ability to trace rays from multiple laser beams in a threedimensional hohlraum and a view-factor algorithm to calculate the resulting radiation uniformity on the surface of the fuel capsule. 9 Both cylindrical and tetrahedral hohlraums can be modeled in a fully 3-D geometry. In the tetrahedral geometry, the four LEHs are located at the angular coordinates ͑,͒ϭ͓͑54.7°,0°͒, ͑54.7°,180°͒, ͑125.3°,90°͒, and ͑125.3°,270°͔͒, while in the cylindrical geometry, the axis of the hohlraum is taken to be along ϭ0°. The methods described below apply equally well for either geometry, but we will be concerned primarily with the tetrahedral orientation.
First, each laser beam is divided into a large number of individual rays, each with an equal fraction of the total drive power. The OMEGA beams are treated as circular cones with an f /6 focus. For hohlraum experiments on OMEGA, the direct-drive phase plates are removed, giving a laser spot size of about 50 m in diameter at best focus. Once the beam is divided up, each individual ray is traced from an initial position and direction through the hohlraum, allowing multiple geometric reflections with a small amount of random scattering until all the energy in the ray has been absorbed ͑usually no more than two bounces͒. When the ray hits the hohlraum wall, it deposits a fraction A( i ) of its total energy, given by where the parameter b determines the absorption at normal incidence and the parameter r gives the angular dependence.
In the absence of an accurate experimental determination of A( i ) in a hohlraum, we take rϭ1 and bϭ3. These parameters give an absorption of 90% for i ϭ40°͑thus 99% after two bounces͒, consistent with Nova data. 15 Of the laser energy absorbed by the wall, typically 60%-70% is re-emitted as x-ray radiation; the rest is lost to hydrodynamic motion and heating of the hohlraum wall. In this static model, no laser energy is deposited along the beam path and the time evolution of the gold plasma is not simulated. The effect of wall motion on the irradiation uniformity can be modeled by repeating the ray-trace calculation with the same laser pointing but using different hohlraum dimensions, such as might be obtained from 1-D hydrodynamic calculations of a tetrahedral hohlraum or 2-D calculations of a cylindrical hohlraum. However, for the results reported in this paper, wall motion was not taken into account.
Despite these simplifications, we can still estimate a single background radiation temperature T r by assuming an equilibrium Planckian radiation field in the hohlraum cavity. Following Ref. 9 , the temperature T r is calculated with a basic energy equation [16] [17] [18] that balances the power entering the radiation field from the laser source and the power lost from the radiation field through the LEHs and absorption by the walls and capsule:
where P las is the total laser power absorbed by the case, l is the conversion efficiency from the laser to x rays in the radiation field, is the Stefan-Boltzmann constant, and the term (NA h ϩ␤ w A w ϩ␤ c A c ) may be thought of as the effective area of the hohlraum. The quantities A h , A w , and A c are the areas of a LEH, the wall, and the capsule, respectively, in a hohlraum with N holes. The quantity ␤ w is defined as 1 Ϫ␣ w , where ␣ w is the wall albedo, the fraction of the x-ray energy incident on the hohlraum wall that is reradiated into the hohlraum cavity; ␤ c ͑ϭ1Ϫ␣ c , where ␣ c is the capsule albedo͒ is similarly defined. The wall albedo ␣ w increases with time and, at the peak of the laser pulse, is typically 0.8 for OMEGA and 0.9 for the NIF. The capsule albedo ␣ c is taken here to be small ͑0.1͒. The x-ray conversion efficiency l generally depends on irradiation conditions and is taken to be 0.65 here. The wall albedo may be calculated as a function of time and location on the hohlraum wall ͑see Sec. III͒; however, it is often useful to assume a single, spatially invariant albedo that characterizes the average hohlraum conditions at a given time. We make this single-albedo assumption in this section. For a given albedo, BUTTERCUP calculates the blackbody emission from each point r on the hohlraum wall by combining a spatially uniform background radiation source T r 4 with the absorbed laser intensity I l (r) at that point. The actual emitted flux I e (r) depends on the wall albedo and the x-ray conversion efficiency:
where the spatial dependence of I e (r) and I l (r) has been explicitly retained. In this model the wall treats the x-ray and laser sources independently, i.e., a fraction ␣ w of the radiation flux T r 4 incident upon the wall from the cavity and a fraction l of the laser flux I l (r) absorbed in the wall are emitted into the cavity. The quantity l as defined here includes the combined effects of the conversion of the absorbed laser energy to x rays and reradiation from the wall. To illustrate this, suppose that the laser were converted to x rays in the plasma with efficiency l Ј and the reasonable assumption were made that half were emitted outward from the wall and half were directed inward to be re-emitted with an albedo ␣ w Ј . ͑The use of a different ␣ w Ј allows for the x-ray energy fraction reradiated from the laser source to differ from that reradiated from the cavity radiation source.͒ Equation 3͑a͒ would then become
It is also worth noting that Eq. ͑3a͒, when integrated over the wall, provides two source terms for the radiation field in the cavity, ␣ w T r 4 A w and l P las , consistent with Eq. ͑2͒, confirming that the same value of l must be used in both equations.
Assuming a Lambertian source, Eq. ͑3a͒ permits a brightness ͑spectrally integrated power/unit area/unit solid angle͒ B e (r)ϭI e (r)/ that is independent of direction to be defined at all points on the hohlraum wall. BUTTERCUP then uses a 3-D view-factor algorithm 9, [19] [20] [21] [22] [23] to calculate the radiation drive uniformity on the capsule. For each point on the surface of the capsule, the total incident radiation-drive intensity I(,) is determined by integrating the brightness B e (r) of the wall over all solid angles, as seen by the capsule, for the entire visible hemisphere. The radiation drive as a function of time can be determined by using time-varying input values for the laser pulse shape P las (t) and the albedo ␣ w (t); the latter can be inferred from experimental measurements, calculated directly as in Sec. III, or imported from a calculation by a hydrocode. For a given pulse shape, the albedo is only weakly dependent on the hohlraum irradiation geometry. Theoretical and experimental Nova results can thus be applied to OMEGA hohlraums with a fair level of accuracy.
Since the radiation uniformity on the capsule depends largely on the ratio of the hohlraum radius to the capsule radius, 2, 8, 20 the changing size of the imploding capsule must be considered when calculating the time-dependent drive uniformity. To do this, a zero-dimensional ͑0-D͒ ''rocket model'' is employed, treating the capsule as a thin shell with a time-varying radius r shell (t) and mass m(t). Following Lindl, 2 we use scaling laws that relate the ablation pressure P a (dyn/cm 2 ) and the mass ablation rate ṁ (g/cm 2 /s) to powers of T r (t) ͑as measured in hundreds of electron volts͒:
where P gas is the internal gas pressure of the capsule, assuming adiabatic heating of the fuel. The radius of the shell r shell is measured in centimeters and the time t in seconds. This simple model has been found to predict remarkably accurate implosion trajectories, giving a stagnation time of 3 ns for PS22 in close agreement with experiment. Coupling the view-factor vacuum radiation transport with the time-varying capsule radius then gives a prediction for the time-dependent radiation-drive uniformity on the capsule. Figure 2 shows the spatial uniformity of the x-ray drive incident on the capsule as a function of time for two different tetrahedral designs. The dashed curves are the result of the radiation source as determined from Eqs. ͑2͒ and ͑3a͒ coupled to the 0-D rocket model. The time-dependent albedo used in Eqs. ͑2͒ and ͑3a͒ was obtained from the walldiffusion model described in Sec. III. The results of this diffusion model are shown as the solid curves. Since the nonuniformity is typically dominated ͑Ͼ90%͒ by the Y 32 spherical-harmonic mode, we show only the contribution from 32 , where the total rms is defined as in Ref. 22 :
For both designs, Fig. 2 shows a noticeable improvement in drive uniformity later in time. This is primarily a consequence of the converging capsule radius. Note that the simple energy-balance calculation agrees quite well with the more detailed wall-diffusion calculation throughout most of the laser pulse. At early times, the single-albedo assumption of the energy-balance model breaks down since the energy that should be confined to a few small laser-heated spots is spread over the entire hohlraum wall, predicting a more uniform drive. The effect of this early nonuniformity on target performance is not expected to be significant, however, since little energy irradiates the capsule at these times. Also, Eq. ͑2͒ implies that, after the laser turns off, the radiation temperature ͑and thus the drive nonuniformity͒ immediately goes to zero, while in reality the hohlraum wall acts as a heat reservoir, radiating stored energy well after the end of the laser pulse. This is important for the targets discussed in the following, where peak compression and neutron production occur several hundred picoseconds after the end of the laser pulse.
The first experimental tetrahedral hohlraums ͑shot on OMEGA in March 1997͒ were designed to have the same surface area and total LEH area as a standard cylindrical Nova hohlraum, thus giving comparable drive temperatures for the same laser pulse. This ''scale-1'' tetrahedral hohlraum had R case ϭ1150 m and R LEH ϭ450 m. The predicted radiation-drive uniformity of 2%-3% for a 1 ns flattop pulse was certainly good by most ICF standards, 24, 25 but the tetrahedral geometry on OMEGA was capable of much better uniformity. With the help of BUTTERCUP, the tetrahedral hohlraum was redesigned to give the best-possible drive uniformity while still maintaining reasonable radiation temperatures and sufficient clearance for the laser beams. 26 The optimized design, known as a scale-1.2 hohlraum, had R case ϭ1400 m, R LEH ϭ350 m and different laser pointing parameters. The optimized design had a total LEH area of 1.54 mm 2 , a little less than the 2.26 mm 2 of a standard Nova hohlraum. Additionally, the shaped laser pulse PS22 was used to achieve more efficient implosions and reduce laserplasma instabilities in the hohlraum. Figures 2͑a͒ and 2͑b͒ correspond to the initial and optimized designs, respectively.
The difference between a peak drive uniformity of 3% and one of 1% is apparent when comparing experimental images of the imploded cores, as shown in Fig. 3 . The initial design, with 32 ϳ3% at the peak of the drive, results in a core with a clear triangular shape ͓Fig. 3͑a͔͒, corresponding 32 gives the rms nonuniformity when all other modes are absent. The dashed curves were produced by the energy-balance model described in Sec. II, and the solid curves were calculated by the wall-diffusion model described in Sec. III. FIG. 3 . Experimental x-ray images ͑Ref. 11͒ of imploded capsule cores for the drive conditions of Fig. 2 , viewed through a LEH. The initial design ͑a͒ has a predicted average drive uniformity of 32 ϳ2% -3%, causing a characteristic triangular core, while the optimized design ͑b͒ produced a nearly round core with a drive uniformity of 32 Ͻ1%. The three points in the triangular image are oriented toward the other three LEHs. Image ͑a͒ was taken with a time-integrating pinhole camera and image ͑b͒ with an x-ray framing camera.
to weaker drive pressure at the points on the capsule that directly face the LEHs. The resulting 3-D tetrahedron-shaped core looks like a triangle when viewed along the axis of one of its vertices ͑through a LEH͒. With the optimized design, the imploded core is almost perfectly round ͓Fig. 3͑b͔͒, representing one of the most uniform indirect-drive implosions recorded to date.
The optimized design for OMEGA benefits from a favorable ratio of the case radius to the capsule radius. The tradeoff is a lower coupling efficiency due to the ϳ40% extra wall area. However, the tetrahedral geometry on OMEGA has the advantage that all 60 beams can be used, compared with a maximum of 40 for cylindrical hohlraums. On the NIF, the tradeoff between uniformity and efficiency will be a key issue, especially for capsules with the larger convergence ratios that will be required.
III. RADIATION TRANSPORT AND DIFFUSION
The simple zero-dimensional model described in Sec. II works well for designing hohlraum targets and estimating the radiation-drive uniformity, but it has some significant shortcomings. For one, the assumption of a single, spatially independent albedo tends to break down early in the laser pulse, when the cold, unirradiated sections of the wall typically have a much lower albedo than the laser-heated spots. 27, 28 The energy-balance model also fails at later times, after the end of the laser pulse, giving a radiation temperature of zero. Additionally, the dependence on an external calculation or experimental measurement of the time-varying albedo limits BUTTERCUP's ability to scan through a wide variety of pulse shapes and hohlraum designs. Finally, while the predicted time-dependent drive uniformity agrees qualitatively with experimental data, it unfortunately does not provide a means for quantitative comparison.
To address these limitations, BUTTERCUP has been expanded to model the gold wall as a 2-D grid of mass elements, each with a different temperature profile and radiation brightness. Each point on this 2-D grid is treated as a separate problem in 1-D planar geometry, with the radiation transport into the wall modeled by solving an energy diffusion equation. The boundary zone of each 1-D section is driven by a radiation source from other portions of the hohlraum wall and, for the directly irradiated sections, a laser source. The deposited energy then propagates into the wall ͑along x͒ according to the diffusion equation, assuming a single radiation and matter temperature T w (x,t) at each point in the wall. This treatment is similar to that of Tsakiris, 27 except that he used 1-D self-similar solutions rather than individual 1-D calculations.
Following Rosen 29, 30 we use the diffusion equation
in the interior of the wall, and apply ͑6b͒
to the boundary zone. Here ⑀ is the energy density of the wall material ͑ergs/cm 3 ͒, which scales as T w 1.5 , the diffusion coefficient is 1 3 c R , and aT w 4 ͓aϭ4/c͔ is the radiant energy density. The Rosseland mean free path R is given as a function of temperature and density. 29 The last term in Eq. ͑6b͒ is the radiation flux seen by the point on the wall, integrated over all solid angles ͑i.e., over all other boundary zones on the hohlraum wall͒. This term couples together all the individual 1-D diffusion calculations: Each boundary zone emits into the hohlraum cavity a flux T w 4 (r) ͑brightness T w 4 (r)/͒, of which a large fraction provides a source for other boundary zones and a smaller fraction is lost to the capsule and LEHs.
In Eq. ͑6b͒, ⌬x is the thickness of the boundary zone, where the energy from the laser and radiation source terms is deposited. In the limit of ⌬x→0 the left-hand side of Eq. ͑6b͒ tends to zero ͑i.e., the boundary cell has negligible heat capacity͒ and Eq. ͑6b͒ then acts as a boundary condition on ‫ץ‬T w 4 /‫ץ‬x for the diffusion equation. It is for this reason that the numerical solutions of Eq. ͑6͒ are convergent ͑i.e., independent of ⌬x͒ as ⌬x→0. In this limit, the laser source and the incident radiation from the other zones on the hohlraum wall balance the radiative loss into the hohlraum cavity and the diffusive loss into the hohlraum wall.
The term ͐T w 4 (r)cos d⍀ is calculated in a way very similar to the view-factor integration used for determining the radiation incident on the capsule. Figure 4 shows a schematic representation of this algorithm, where the incident radiation intensity at a given point P on the hohlraum wall is determined by tracing rays over all solid angles and summing the relative brightness detected from each direction. Of   FIG. 4 . Schematic of the view-factor algorithm used by the code BUTTERCUP to calculate radiation transfer within the hohlraum. The x-ray flux incident at each point P on the wall is determined by integrating the visible brightness B e over a hemisphere of solid angle. The low-albedo capsule acts effectively as a shield, blocking the radiation transfer between opposite sections of the hohlraum wall.
course, the LEHs do not contribute anything to the incoming radiation and the low-albedo capsule acts effectively as a shield, blocking the radiation transfer between opposite sections of the hohlraum wall. If there were no capsule present, the spherical geometry would provide perfect radiation uniformity incident on every point of the wall not directly heated by a laser source, regardless of the spatial emission distribution or the size of the LEHs, as long as the spectral brightness is independent of angle ͑i.e., Lambertian͒ as is the case for blackbody radiation. 27 This makes tetrahedral hohlraums particularly well suited for nonimplosion experiments that require a uniform x-ray source for driving foils or other packages mounted on the hohlraum wall.
Here, as in Sec. II, the emitted wall brightness is taken to be T w 4 (r)/, independent of angle. This is probably a good assumption except at very early times when the steep gradient of T w within the wall ͑see Fig. 5 below͒ results in different angles viewing different values of T w at about one optical depth into the wall. An angle-dependent brightness could be added to the model.
It is instructive to compare Eq. ͑6b͒ with Eq. ͑3a͒, obtained for the simpler model of Sec. II. The radiation source term of Eq. ͑6b͒ may be written as T R 4 (r), defining an effective hohlraum temperature T R (r) as seen by a point r on the wall that is analogous to T r of Sec. II. Generally the spatial dependence of T R (r) is weak: as stated previously, T R (r) would be independent of r for a spherical hohlraum in the absence of a capsule. This provides justification for the use of a single T r in Sec. II to describe the radiation field in the cavity. It is also possible to define a local albedo ␣ 2 (r) ϵ1Ϫ␤ 2 (r) by requiring ␤ 2 (r)T R 4 (r) to equal ͑Ϫ1͒ times the first term on the right-hand side of Eq. ͑6b͒, i.e., the diffusive loss into the wall. With these definitions, the flux of x rays emitted into the hohlraum cavity becomes
which compares closely with the right-hand side of Eq. ͑3a͒. The first model can thus be expected to best match the second model if ␣ w is taken to be the average of ␣ 2 (r) over the hohlraum wall. An example of the nonlinear heat wave ͑Marshak wave 31 ͒ described by Eq. ͑6͒ is shown in Fig. 5 , for an unirradiated section of the gold wall. Here the wave is plotted at 100 ps intervals for an illustrative calculation in which a hohlraum is driven by a 1 ns square pulse. The penetration rate is commonly approximated as being proportional to ͱt, 29, 31, 32 although this approximation breaks down when blowoff and other effects are included. 16, 29 Even after the laser is turned off, the radiation continues to diffuse into the wall; however, much of the energy in the radiation field within the hohlraum cavity leaks out through the LEHs, lowering the temperature at the boundary surface. Note that it is not necessary to calculate the albedo explicitly in this model: the radiation emitted into the hohlraum from each boundary cell is given directly from the T w there as T w 4 . With the temperature T w defined at each point on the hohlraum wall, it is straightforward to predict what the experimentally measured radiation temperature T r will be as a function of time. For the tetrahedral hohlraum experiments on OMEGA, T r (t) was measured with the multichannel soft x-ray diagnostic Dante. 33 This looked directly through one of the LEHs, viewing a combination of laser spots and unirradiated wall, representative of what the capsule should see, and thus eliminating the need for ''albedo corrections.'' 34 For a 22.0 kJ PS22 drive shot ͑i.e., a shot without a capsule͒, the theoretical and experimental temperatures were in close agreement, as shown in Fig. 6 . 11 The data are from a scale-1.2 tetrahedral hohlraum with 500 m radius LEHs ͑larger than the 350 m LEHs used for the optimized implosions͒. For the BUTTERCUP calculation, the experimentally measured SBS ͑stimulated Brillouin backscatter͒ fraction of 6% was taken out of the input laser energy. The close agreement with experiment indicates that the basic hohlraum energetics can be accurately modeled with BUTTERCUP's relatively simple combination of diffusion and view-factor calculations.
By this method of performing multiple 1-D diffusion calculations on a 2-D grid covering the hohlraum wall, and coupling them together through view-factor radiation transport, BUTTERCUP provides a 3-D description of the time- FIG. 5 . Wall temperature T w as a function of distance into the gold wall, plotted at 100 ps intervals throughout a 1 ns square-pulse drive shot. For the duration of the laser pulse, the temperature at the boundary rises as the Marshak radiation wave propagates into the hohlraum wall; it then decreases as the wall cools after the laser is turned off. dependent radiation uniformity on the capsule. This approach allows remarkably rapid simulations without sacrificing physical accuracy. Since fully 3-D radiationhydrodynamics codes typically take hundreds of CPU hours to do a single simulation on even the fastest supercomputers, pseudo-3D calculations like those presented in this paper will be increasingly valuable. The speed of BUTTERCUP also provides the ability to perform multiple simulations with different hohlraum parameters, making the code an ideal tool for developing new target designs.
The evaluation of the effects on uniformity of pointing errors and beam imbalance provides a good example of the type of problem for which BUTTERCUP is ideally suited. 35 With each point on the hohlraum wall being modeled independently, the computational overhead associated with changing the beam pointings and energies is very small, even though the tetrahedral symmetry is lost.
One limitation of the model is the assumption of an idealized blackbody radiation spectrum. For example, it would not be correct to treat M-band radiation from multikiloelectron volt laser-heated plasma with Eq. ͑6͒, which emits blackbody radiation into the hohlraum with the temperature of the dense wall plasma. Here, following Eq. ͑3c͒, it would be reasonable to assume that half of this radiation is emitted into the hohlraum and half is lost in the wall ͑with ␣ w Ј ϭ0͒. The flux and uniformity of M-band radiation on the capsule could nevertheless be calculated with the model of Sec. II using ␣ w Ј ϭ0 and taking l Ј to give the observed emission of M-band radiation from the hohlraum wall.
We conclude this section by demonstrating that the simple energy-balance model described in Sec. II provides a remarkably accurate description of the radiation temperature T r (t) when given a single, spatially averaged albedo as a function of time. This may be seen from Fig. 7 , which plots T r (t) for ͑a͒ the initial design ͑1 ns square pulse͒ and ͑b͒ the optimized design ͑PS22 shaped pulse͒. The solid curves correspond to the more accurate wall-diffusion model and the dashed curves to the energy-balance model. Here we use the spatially averaged albedo ͑dotted curves͒ calculated by the wall-diffusion model as input for the energy-balance model. For both cases the albedo rises rapidly to about 0.8. For the duration of the laser pulse, the two models agree very closely, suggesting a close equilibrium between the incident laser power and the radiation field. After the laser pulse ends, the albedo becomes greater than unity since the cooling wall emits more energy than it absorbs. This is also the point at which the energy-balance model breaks down completely, as the ␤ w in Eq. ͑2͒ becomes negative, the left-hand side of Eq. ͑2͒ becomes zero, and the wall acts like a radiation source rather than a sink.
IV. CAPSULE IMPLOSIONS
Given the 3-D, time-dependent radiation field incident on the capsule, BUTTERCUP also provides a pseudo-3D model of the actual hydrodynamic capsule implosion within a tetrahedral ͑or cylindrical͒ hohlraum. For a given x-ray drive intensity I r (,,t) on the surface of the capsule, the incident radiation is treated as a blackbody spectrum and deposited into the plastic shell in multiple energy and angular groups. Like the pseudo-3D treatment of the gold wall, the capsule is modeled as a collection of 1-D calculations, each with its own radiation source term. However, unlike the treatment of the gold wall ͑where just the Rosseland opacity is used͒, the radiation transport within the capsule plasma is modeled in greater detail using multigroup opacities. 36 Each angular wedge of the capsule is modeled as a spherically symmetric problem with 1-D Lagrangian hydrodynamics. About 100 material zones are typically used in the radial direction, with roughly half in the shell and half in the fuel. The radiation energy from the hohlraum wall is deposited in the CH plasma using an S N algorithm, which divides the incident radiation into different angular groups, 37 as is represented by Fig. 8 . The x rays that are nearly normal to the surface penetrate deeper into the shell, while the higherangle x rays deposit the majority of their energy closer to the outside of the capsule. Since opacities are often quite sensitive to photon energy, the Planckian spectrum from the hohlraum wall is divided into multiple frequency groups, each containing a fraction of the blackbody radiation flux T r 4 and each penetrating the plastic shell to a different depth.
BUTTERCUP models the capsule implosion by solving the 1-D spherical Lagrangian hydrodynamic equations, including electron thermal diffusion and multigroup radiation diffusion within the capsule. The basic hydrodynamic equations in a spherically symmetric geometry are 37 
FIG. 7.
Hohlraum radiation temperature T r as a function of time for two implosion experiments: ͑a͒ scale-1 hohlraum with a 30 kJ, 1 ns square pulse ͑initial design͒; ͑b͒ scale-1.2 hohlraum with a 24.6 kJ, PS22 shaped pulse ͑optimized design͒. The wall-diffusion model produced the solid curves and a time-dependent, spatially averaged albedo, defined here as the total power radiated from the hohlraum wall divided by the total radiative power incident on the wall ͑dotted curve͒; this albedo was then used as input in the energy-balance model to give the dashed curves.
where P is the hydrodynamic fluid pressure, Q is the ''artificial viscous stress,'' r and v are the position and velocity of Lagrangian zone markers, and ‫ץ‬m is the differential mass element. For each step of the calculation, P and the specific energy ⑀ ͑ergs/g͒ are determined from the SESAME equationof-state tables. 38 The electron thermal diffusion is calculated using
where T e is the electron temperature, here assumed to be the same as the ion temperature T i , and 0 is the thermal diffusion coefficient, a function of the temperature, density, and ionization of the plasma. The multigroup radiation transport is modeled in two steps: first by angular S N absorption from the hohlraum wall and then with a mean-free-path diffusion approximation within the capsule. The absorption is determined 39 by the opacity Ј corrected for stimulated emission ͓ Јϭ (1 Ϫe Ϫh/kT )͔ and the incident intensity I for each frequency group:
where s measures distance in the appropriate direction. Thus, in a region of constant opacity, I falls off exponentially. The internal diffusion equation, including emission and reabsorption, is ‫ץ‬U ‫ץ‬t
where U is the spectral radiation energy density ͑ergs/cm 3 /unit frequency͒, U P is the Planckian radiation energy density for a given temperature, D is the frequencydependent diffusion constant (ϭc/3 Ј), and c is the speed of light.
BUTTERCUP uses opacity data from the Los Alamos Astrophysical Tables, 36 which include opacities for values of h/kT between 0.001 25 and 30 000. For the small number of points outside this regime, the data are interpolated between the cold opacity and the closest known tabular opacity. As shown in Fig. 9͑a͒ , the peak x-ray power absorption during the laser pulse occurs in the shell near the steepest density gradient, unlike direct-drive implosions where the laser energy is deposited in the plasma corona and must be transported inward toward the ablation front. Even after the laser pulse ends, the hohlraum still provides significant radiation drive, penetrating deep into the ablating shell.
Indirect-drive capsule implosions involve both radiative and shock heating in addition to the adiabatic heating and cooling of the plasma. 40 The velocity of the shock front, defined as the point of maximum artificial viscous pressure, is shown as a function of time in Fig. 9͑b͒ , a negative value indicating convergence inward. The first shock is driven by the ϳ150 eV radiation temperature produced during the foot portion of the laser pulse. When it breaks out on the inside of the plastic shell, it experiences ''velocity multiplication,'' a general phenomenon that occurs whenever a shock wave FIG. 8 . Multiple angular groups used to model radiation absorption in the capsule shell. X rays with small angles of incidence ␣ penetrate deeper into the ablating plasma, while higher-angle groups deposit their energy closer to the outside of the capsule.
FIG. 9. ͑a͒ Evolution of 1-D Lagrangian interface markers during a PS22
implosion with 50 atm of DD fuel inside a standard Nova capsule. The region of peak x-ray power absorption closely follows the steepest density gradient in the ablating shell for the duration of the laser pulse. The dashed curve shows the trajectory of a thin shell predicted by the 0-D rocket model. ͑b͒ Velocity of the shock front propagating through the capsule as a function of time. The first shock breaks out from the shell into the DD fuel at 1.5 ns and converges on the origin at 2.6 ns, followed by the second shock convergence at 2.9 ns. Stagnation and bang time, the time at which the neutron production rate Ẏ peaks, occur at tϳ3 ns.
crosses a boundary from a denser material to a lighter material. Figure 9͑b͒ shows that the shock speed jumps from 6 ϫ10 6 to 1.2ϫ10 7 cm/s around tϭ1.4 ns. Then, as the radiation drive from the hohlraum increases near the peak of the laser pulse, the shell and fuel accelerate inward until 2.6 ns, when the first spherical shock wave converges at the origin and sends a reverse shock outward through the fuel. At 2.75 ns, this reflected shock meets the imploding plastic shell, which continues to converge until stagnation around 3.0 ns.
The point of stagnation closely corresponds to the peak core temperature and also to the time of peak neutron production, referred to as the ''bang time.'' The density and temperature profiles of the core at bang time are shown in Fig. 10 , plotted as functions of distance from the capsule center. The results shown are from a standard PS22 capsule implosion at tϭ3.0 ns, with the DD fuel assembled in a hot, central region surrounded by the cold, dense plastic shell. The radius of the fuel-pusher interface is R f ϭ23 m, giving a convergence ratio of C R ϳ10.
BUTTERCUP calculates the neutron yield from the D͑D,n) 3 He reaction using Hively's formulas for Maxwellian distributions. 41 Since this reaction is so strongly dependent on temperature, 42 almost the entire yield occurs during a short ͑ϳ200 ps͒ time when the fuel reaches its maximum temperature and density. Figure 11 shows this nuclear burn profile as a function of time for a standard PS22 implosion with a bang time of 3.0 ns. The ''foot'' of the neutron pulse corresponds to the second spherical shock converging at the origin, as shown in Fig. 9͑b͒ , which raises the average fuel temperature to 0.7 keV. This is followed by the peak compression and stagnation, when most of the neutrons are produced. After bang time, the core rapidly cools by thermal and radiative diffusion into the surrounding cold material, as well as through adiabatic expansion.
The spherical uniformity of capsule implosions is frequently assessed by comparing the experimental fusion yields to those predicted by a purely one-dimensional calculation. Usually referred to as ''yield over clean'' ͑YOC͒, this ratio provides an indication of how the capsule's 3-D distortion affects the neutron yield and thus the success of the implosion. 43, 44 The cause of core distortion may be understood on a very simple level. Following Wallace, 45 the implosion velocity scales as
so for a peak-to-valley variation in drive uniformity of 10% ͑typical for rms ϭ2.5%͒, there should be a peak-to-valley difference of about 4% for the implosion velocity. For a convergence ratio of 10, this means that at the point of maximum compression, the core distortion-as measured by a/b, the ratio of major to minor axes-will be 1.56. For a peakto-valley difference of 2% in drive uniformity, however, the resulting core distortion will be only 1.07, or nearly round. For a high-convergence capsule with the same drive uniformity and C r ϭ30, a/bϭ1.28. While this model is conceptually helpful to understanding the relation between drive uniformity, convergence, and core distortion, we find that it generally overpredicts the values for a/b. This is probably because it omits the deceleration and stagnation caused by the gas pressure of the compressed fuel, as well as 3-D hydrodynamic smoothing effects that take place during the implosion, causing the relation in Eq. ͑12͒ to break down. BUTTERCUP uses a pseudo-3D algorithm to model more accurately the effects of nonuniform drive on a capsule implosion and thus predict the core deformation as well as the neutron yield degradation. Just as the hohlraum wall is modeled in pseudo-3D by coupling a large number of 1-D calculations, the capsule is modeled by performing many 1-D spherical implosion calculations at the same time and coupling them together. As with earlier work that investigated deviations from uniform spherical implosions using a spherical-harmonic expansion, 46 this approach is best suited to implosions that are close to spherically symmetric.
To divide the capsule into multiple 1-D wedges of equal solid angle, we take advantage of the unique dodecahedral symmetry of the OMEGA target chamber. As mentioned previously, the 60 laser beams can be divided into 12 groups of 5 independent beams. Only these 5 beams need to be explicitly modeled in the hohlraum; the other 11 groups can be added by rotating the original group, greatly simplifying the 3-D problem. Similarly, the spherical capsule can be divided into 12 pentagonal wedges, all interchangeable through transformations in the dodecahedral rotational group. Figure 12 shows schematically how the sphere is di -FIG. 10 . Temperature and density profiles for the DD fuel and surrounding CH ablator in the capsule core at bang time ͑3.0 ns͒, which closely corresponds to hydrodynamic stagnation. The fuel is assembled in a small, hot region of low-density gas surrounded by the colder, dense plastic pusher. The convergence ratio ͑R i /R f for the CH-DD interface͒ for this PS22 implosion is about 10. FIG. 11 . D͑D,n) 3 He fusion yield as a function of time for a standard implosion driven with PS22. Also shown are the average fuel temperature and the radius of the fuel-pusher interface. The very strong temperature dependence of the fusion rate results in almost all neutron production occurring within about 200 ps.
vided into pentagonal wedges, only one of which is actually modeled. This wedge corresponds to one group of five laser beams and a section of the hohlraum wall including one-third of a LEH.
The pentagonal wedge of the capsule is then divided into triangular slices, each with the same solid angle and all converging at the same origin. For convenient division into symmetric wedges, 10, 30, or 90 triangular slices are typically used. All of these slices are modeled simultaneously with the spherical 1-D Lagrangian hydrodynamic model described previously. Each has a unique radiation-drive input, determined by the dynamic model of the hohlraum wall and the 3-D view-factor radiation transport. For most tetrahedral implosions, the radiation drive can be thought of as nearly uniform, with a small, time-dependent Y 32 perturbation. This will in turn cause a nearly spherical implosion, with Y 32 variations in the hydrodynamic variables throughout the capsule. This is very convenient since the spherical harmonic functions are solutions to the angular portion of the diffusion equation in a spherical geometry: For the angular portion of each 3-D diffusion step, the Lagrangian hydrodynamic variables are projected onto an orthogonal, Eulerian-type grid. This allows BUTTERCUP to solve Eq. ͑15͒ for each concentric spherical shell of material, as opposed to lateral diffusion between Lagrangian zones with the same radial index that may be located at different physical radii. After the angular diffusion calculation, the new values of the temperature are projected back onto the pseudo-3D Lagrangian grid. This alternates with the separate 1-D hydrodynamic calculations ͑including diffusion in the r direction͒ that change the values of R(r) and D(r) for each angular zone, which are then used as input for the next iteration of the 3-D diffusion calculation. In this way, the triangular slices of the capsule are coupled to produce a pseudo-3D implosion simulation.
Since this algorithm does not include lateral mass transport, it cannot model more complicated 3-D phenomena like shock dispersion and hydrodynamic instabilities. Furthermore, since the converging radiation shock wave is not perfectly spherical, there can be sharp discontinuities in the hydrodynamic variables as the wave front propagates through the material. At a given radius near the shock front, some material may be cold and uncompressed, while the material in a neighboring zone may have been heated and compressed by the shock. At this point, the assumption of a smooth Y 32 perturbation in the temperature breaks down; however, for the tetrahedral hohlraum implosions performed on OMEGA, we find that this pseudo-3D model provides reasonable predictions for experimental observations. Specifically, BUTTERCUP was used to model a set of recent experiments on the OMEGA laser that utilized tetrahedral hohlraums to achieve high-convergence implosions. 48, 49 Indirect-drive capsules with convergence ratios as high as 20-30 have been shot previously on Nova 43 and OMEGA 50 in cylindrical geometry, typically giving YOC measurements of 5%-25%. By using the improved drive uniformity available with tetrahedral hohlraums, it was hoped to eliminate the effects of low-order nonuniformity on the fusion-yield degradation. For the first series of high-convergence tetrahedral experiments conducted in September 1998 and reported in Refs. 48 and 49, convergence ratios of about 10-20 were achieved, with values of YOC similar to earlier results using cylindrical targets with the same convergence. The highconvergence capsules were designed by varying the initial DD fill pressure, with lower-pressure capsules giving higher convergence. The experiment used 550-m-diam capsules with 55 m CH shells filled with 50, 25, and 8 atm of DD gas, corresponding to theoretical convergence ratios of 9, 11, and 16, respectively. They were driven with all 60 OMEGA beams with pulse shape PS22, delivering 21-25 kJ of UV light into the hohlraum. Figure 13͑a͒ shows how the predicted neutron yields and convergence ratios depend on the DD fill pressure. Lowpressure capsules not only converge to a smaller radius, but they also reach higher core temperatures, leading to higher fusion yields even with significantly less fuel. BUTTERCUP's FIG. 12. Geometry used by BUTTERCUP to model a 3-D capsule implosion in a tetrahedral hohlraum on OMEGA. Using the natural dodecahedral symmetry, the spherical target is divided into 12 pentagonal-shaped wedges. Each wedge contains one-third of a LEH and five independent laser beams. This pentagonal wedge of the capsule is in turn divided into multiple triangular wedges of equal solid angle. Each triangular wedge is modeled with a single 1-D hydrodynamic calculation and is then coupled to neighboring wedges.
yield predictions with 3-D effects included are also shown. As expected, for higher-convergence implosions, the predicted 3-D yields are lower with greater degradation from the 1-D prediction. Figure 13͑b͒ shows a plot of YOC versus convergence ratio, including both experimental 49 and predicted YOC. A quantitative summary of the predicted results is presented in Table I .
We believe that the major mechanism for yield degradation in the pseudo-3D model is the thermal transport of energy away from the area of the fuel that is heated earliest in the implosion. As in the 1-D simulation, the fuel temperature increases significantly as the first and second shock waves converge on the origin, but with the 3-D simulation, this occurs at different times for different fuel wedges. As soon as the strongly driven regions of the capsule heat up, they transfer their thermal energy to cooler neighboring zones. Not only does this reduce the yield of the hotter zones, but it also reduces the potential yield of the cooler zones by increasing their adiabat and making an efficient implosion more difficult to achieve. The higher-convergence capsules (C R ϳ20) had the higher 1-D temperature predictions (T i ϭ1650 eV) but also experienced a greater reduction in core temperature due to 3-D effects ͑Ͻ70% of 1-D temperature͒, which is clearly reflected in the degraded yield predictions ͑YOCϭ17%͒.
The preliminary experimental data of Fig. 13͑b͒ seem to exhibit a more rapid falloff with convergence ratio than the BUTTERCUP calculations, although a larger data set is needed to quantify this. It appears that BUTTERCUP can explain only some of the YOC reduction at higher C R . The comparison suggests that, even with the best drive uniformity, hohlraum capsules are still susceptible to asymmetric shock convergence and other 3-D effects like Rayleigh-Taylor instabilities associated with physical defects caused during target manufacturing. Future experiments will hopefully help to identify the relative importance of irradiation nonuniformity and hydrodynamic instabilities.
V. X-RAY POSTPROCESSOR
One of the traditional ways 11, 44, [51] [52] [53] to assess hohlraum drive uniformity is simply to implode a capsule and look at the shape of the core: round indicates good uniformity and elliptical ͑in a cylindrical hohlraum͒ or triangular ͑in a tetrahedral hohlraum͒ indicates poor uniformity. Experimentally, this can be done with a time-resolved x-ray-framing camera or with a time-integrated pinhole camera at high magnification. A pinhole camera with filtering chosen to absorb soft x rays automatically selects the bang-time image since the x-ray film detects mainly the high-intensity emission from the hottest part of the capsule. Since the fuel is usually so much hotter than the surrounding plastic shell, the actual shape of the fuel core tends to be well highlighted. In some instances, in order to improve the x-ray imaging, a small amount of high-Z gas such as argon or neon is added to the fuel, emitting higher-energy x rays at the same temperature. A thin film of beryllium is typically used as a filter on either camera to block out the low-energy radiation ͑Շ2 keV͒ coming from the pusher region.
BUTTERCUP creates an image of the imploded core by analyzing the results of its hydrodynamic calculation with a 3-D radiation postprocessor. The first step is to reconstruct the entire capsule by copying and rotating the single pentagonal wedge modeled by BUTTERCUP TABLE I. Summary of BUTTERCUP 1-D and 3-D predictions for the convergence ratio (C R ), neutron yield ͑Y͒, peak temperature ͑T͒, peak areal density (R), core distortion (a/b), and yield-over-clean ͑YOC͒ ratio for capsule implosions driven by a PS22 laser pulse. Predictions of C R and peak R are similar for 1-D or 3-D calculations.
Peak T ͑3-D͒ ͑eV͒ gether the 12 sections of a dodecahedron. This produces a complete three-dimensional model of the capsule, which is then rotated to give the correct orientation with respect to the x-ray camera. The complicated 3-D Lagrangian mesh can be projected onto a 2-D image by ray-tracing a grid of parallel lines through the 3-D capsule. Along the path of each ray, BUTTERCUP solves the multigroup radiation-transport equation, 39 which is similar to Eq. ͑10͒, except now with an additional source term I P , the blackbody intensity ͑erg/s/cm 2 /unit frequency͒:
dI ds ϭ Ј͑I P ϪI ͒. Figure 14 shows a schematic of this procedure, including the Be filter and the x-ray film. The complicated 3-D mesh portrayed in this picture was constructed by connecting the centers of all adjacent Lagrangian zones, where each individual zone has the shape of a triangular prism. Upon exiting the capsule, each ray on the 2-D grid will have its own x-ray intensity spectrum over the range of relevant frequency groups. This spectrum is in turn filtered by the beryllium ͑using cold opacities at solid density͒ and then integrated to give a single intensity point on the x-ray film. The resulting postprocessed image can then be directly compared with experimental data, either time averaged or time resolved. Figure 15 shows the simulated x-ray image of a standard PS22 implosion at bang time. Qualitatively this image is very similar to the experimental image of Fig. 3͑b͒ : both appear round to within experimental error. It should be noted that the formation of this projected image provides an apparent smoothing of the actual 3-D distortion. For this image the calculated ''a/b ratio,'' defined as the maximum-tominimum ratio of the radii of the 50%-intensity contour, is 1.02, while the a/b ratio of the fuel-pusher interface is 1.06. The reduction from 1.06 to 1.02 could be caused by geometric projection effects or by the nonuniform temperature distribution within the fuel, with the ''corners'' of the tetrahedral-shaped core being colder and thus not emitting as strongly.
͑16͒
VI. CONCLUSIONS
Tetrahedral hohlraums have been proposed as an alternative approach to ignition in indirect-drive ICF. Recent experiments on the OMEGA laser have confirmed the predicted radiation drive uniformity ( rms Ͻ1%) incident on an imploding capsule. To further understand these implosions, the view-factor code BUTTERCUP has been expanded to include a 3-D, time-dependent treatment of the radiation diffusion into the gold wall and the radiation transport in the hohlraum. BUTTERCUP models the hydrodynamic implosion of the capsule by dividing it into many triangular wedges of equal solid angle, each undergoing a 1-D implosion driven by a different incident radiation source. These individual calculations are coupled together with 3-D thermal and radiation diffusion. Finally, an x-ray postprocessor is used to simulate an image of the imploded core.
The wall-diffusion model predicts a time-dependent radiation-drive temperature that agrees closely with experimental measurements from Dante. Additionally, BUTTERCUP is able to calculate a time-dependent albedo, which in turn can be used in a simple energy-balance equation to estimate radiation-drive temperatures. The hydrodynamic implosion calculations have provided valuable insight into the physics of indirect-drive ICF capsule implosions. Given the simplicity of the implosion model, predicted bang times as well as nuclear fusion yields are in reasonable agreement with those seen in the experiments. Pseudo-3D calculations suggest that for high-convergence implosions, one potential cause of yield degradation is the asymmetric shock convergence since the fuel is not heated as efficiently as in a perfectly spherical implosion. The 3-D x-ray postprocessor has shown that experimental images of the imploded capsule underestimate the actual level of core distortion.
These results show that, despite its relative simplicity, BUTTERCUP has already provided some critical new understanding of the connection between theory and experiment in hohlraum implosions. Finally, the pseudo-3D methods described in this paper will likely be useful for developing and testing the more sophisticated, fully three-dimensional codes that are needed to provide detailed modeling of ignition hohlraums on the NIF.
